adsorbed into their cavities have shown the ability to generate N-doped porous graphene from their pyrolysis under controlled conditions. These highly corrugated and porous graphene sheets exhibit high values of specific capacitance, which make them useful as electrode materials for supercapacitors.
Introduction
Supercapacitors (SCs) have attracted increased attention as energy storage devices in the scientic community because of their high reversibility, quick charge/discharge rates and excellent energy and power densities. 1 The suitable selection of the electrodes is crucial in this sort of devices, as the selected material must have high specic surface area, accurate pore size distributions, good thermal stability and stable electrochemical behaviour. 2 In this sense, carbonaceous materials such as activated carbon, mesoporous carbons or nanotubes occupy a privileged position. 3 Traditionally, activated carbons have been used as materials for commercial SC electrodes due to their moderate cost and high capacity, but their performance is dramatically reduced with charge/discharge cycling, which is crucial to meet the current demands (electric vehicles, elevators, etc.). This reduction in performance is generally related to limitations in the transport of ions through the pores, provoking insufficient electrochemical accessibility.
Nowadays, intense research effort is focused on synthesizing carbon nanomaterials with suitable pore size distributions and high values of specic surface area. 3 In this context, graphene seems to be an outstanding candidate because of its unique properties, such as high surface area, excellent electrical and thermal conductivity and mechanical strength. 4 Graphene has been synthesized traditionally by mechanical exfoliation of graphite, liquid-phase exfoliation, epitaxial growth on substrates, and chemical vapour deposition using catalytic surfaces. However, the non-porous graphene obtained by these routes does not exceed 200 F g À1 at 1 A g À1 when used as an electrode material in SCs. In order to synthesize highly corrugated graphene with improved porosity several synthesis routes have been developed, for example by employing a MgO template procedure using methane in a tube furnace under an argon ow. [5] [6] [7] This porous graphene exhibits high specic capacity (ca. 245 F g À1 at 1 A g
À1
) and better performance compared to the chemically reduced graphene due to its narrow distribution of mesopores and open structure with large surface area. Additionally, highly corrugated graphene sheets have been obtained upon cooling graphene oxide in liquid nitrogen (ca. 349 F g À1 at 2 mV s
).
8
More recently, porous graphene with 3D structures has been prepared by a combined method of ion exchange and activation with NaOH using as the carbon precursor an acrylic resin ion exchanged with a metal (ca. 305 F g À1 at 0.5 A g
À1
). 9 However, the development of scalable and cost-effective synthesis methods of porous graphene still remains a challenge. In this regard, any advance in synthesis would have a major impact in the eld of energy storage and conversion and particularly in SCs. 4 Recently, some of us reported the use of hybrid organicinorganic layered double hydroxides (LDHs) as catalytic precursors of a graphitized porous carbon material exhibiting a Instituto de Ciencia Molecular (ICMol), Universidad de Valencia, 46980 Paterna, Spain. E-mail: eugenio.coronado@uv.es high values of specic capacitance even at high current densities (607 F g À1 at 10 A g À1 ). [10] [11] [12] The success of this approach relies on the atomic in-plane distribution of the catalytic ions in the LDH layers, favouring the graphitisation process and subsequent formation of carbon nanoforms.
13,14
Along this front, we tried to extend this concept to a different scenario in which the catalytic ions are incorporated into a laminar carbonaceous precursor instead of forming a laminar catalytic structure like in the LDH case. To this end, a suitable selection of the precursor material with an appropriate structure is required, as the overall performance in this type of calcination processes is limited by the formation of partially amorphous carbon instead of graphene. 15, 16 Layered covalent organic frameworks (COFs) consist of ordered structures with high carbon content, and the presence of cavities with electron donor nitrogen atoms. 17 From the electrochemical point of view, the unique ability of COFs to offer uniform nanopores (and predictive design criteria to organize functional building blocks) has been also used to prepare electrodes for energy-based devices including electrochemical capacitors. 18, 19 Moreover, COFs could be an ideal graphene precursor, as they exhibit a laminar porous morphology and the ability to coordinate metallic ions through their imine receptors (Fig. 1) . 20, 21 Even more appealing is the possibility to incorporate at the same time nitrogen as a dopant in the nal graphene, in light of the last reports regarding the improved performance of N-doped graphene in SCs. [22] [23] [24] [25] Moreover, in contrast to conventional physico-chemical N-doping techniques (e.g. CVD and arch discharge), the use of COFs could help to incorporate N heteroatoms in a single step reaction leading to N-doped porous graphene.
26,27
Herein, we report a method consisting of calcination at moderate temperatures (below 1000 C) of a COF based on polyimine (Schiff base), which shows the ability to adsorb catalytic metal ions (Fe   III   , Co  II and Ni   II   ) into its cavities. The resulting corrugated and porous N-doped graphene exhibits excellent behaviour as an electrode material for SCs under basic pH.
Results and discussion
The direct reaction between 1,3,5-tris(4-aminophenyl)benzene and 1,3,5-benzenetricarbaldehyde, 1 : 1 molar ratio, in m-cresol at room temperature leads to a characteristic yellow gel of COF-1 (see the ESI and SI 1 †). 21 The Fig. 2B and C) with a general broadening of the peaks indicating a partial amorphization of the initial structure (SI 3 †). This change is associated with the decrease of the intensity of the Bragg rings and the appearance of an amorphous halo in Fig. 2B , which could be related to a layer-to-layer separation.
28
Similar observations have been reported for Pd(II) incorporation in a closely related COF. 29 The incorporation of Co(II) and Ni(II) causes a more pronounced effect with a complete loss of structural order. This is probably a consequence of the high structural distortion caused by the metal ion incorporation between the RT-COF-1 layers. Furthermore, the inuence of metal-functionalization was followed by confocal uorescence imaging measurements on SiO 2 substrates. Aer exciting RT-COF-1 at 488 nm, a green uorescence signal peak at ca. 580 nm was observed. We also obtained a uorescence lifetime image for excitation at 405 nm. A tail-t of the uorescence decay yielded two lifetimes of 0.3 and 1.1 ns with similar weight. While the observation of a short lifetime -close to the resolution limit -may be due to scattering, the second lifetime is likely due to the species giving the uorescence spectrum peak at 580 nm ( Fig. 2D-F) . In turn, dramatic quenching of the uorescence was observed aer metal incorporation, probably due to the Fe(III) heavy-metal effect or metal-to-ligand charge transfer (MLCT), as previously observed for other Fe 3+ -imine systems (SI 4 †).
30-33
This physical change strongly suggests Fe(III) incorporation into the RT-COF-1 structure rather than physisorption. The controlled thermal treatment of the COF-1-M carried out in a tubular oven at 900 C under a nitrogen atmosphere produces a black residue for all materials, named as (N)G1 from RT-COF-1 and (N)G2, (N)G3 and (N)G4 from COF-1-M (M ¼ Fe (2), Co (3), Ni (4)). The pyrolysis procedure results in carbon yields in the range of 55-67% as obtained by thermogravimetric analysis (see SI 5 †) . The TEM analysis of (N)G1 clearly shows the formation of a partially amorphous structure. In contrast, in the other (N)G-M samples, TEM and EDAX analyses clearly show the formation of corrugated graphitic forms. The morphology of (N)G2 consists of a well-dened hierarchical structure, rather similar to that previously named as graphene nanocages ( Fig. 3A-C) . 7 It consists of a lamellar porous material based on cages of 3-7 graphene layers exhibiting a very open structure. The iron compound is a well-known and efficient catalyst for graphitization of organic aerogels or mesoporous carbons, favouring the graphitization process. 34, 35 In addition, the pyrolysis and gasication processes that occur during the heat treatment of the different compounds could also play an important role in the nal morphology of the materials, as gases like CO or CO 2 formed during the heat-treatment could act as very efficient porogens.
9,36 On the other hand, (N)G3 revealed the presence of several cage-like graphitic carbon nanoforms consisting of 5-15 layers of graphene, whereas (N)G4 exhibited less dened morphology, with a strongly disordered graphitic structure (SI 6 †). The observed poorest morphologies could be related to the complete loss of the structural order exhibited by the COF-1-Co and COF-1-Ni precursors aer metal functionalization, in comparison to that of COF-1-Fe. These results suggest a critical inuence of the employed metal salts in the catalytic process, despite the small metal incorporation. 9 In fact, a control experiment using metal sulfates instead of acetylacetonates shows a rather different behaviour with poor graphitization and the formation of micrometric metal particles aer the calcination process. In any case, further studies are required to deeply understand the metal functionalization of COFs and their effect on the catalytic graphitization.
To evaluate the presence of metal residues in the nal (N)G-M samples, we have performed inductively coupled plasmaoptical emission spectroscopy (ICP-OES) analysis, showing that the metal content is below 0.1% for all the samples (see SI 7 †). This point was also corroborated by TG analysis in air, showing the absence of any residue aer calcination at 1000 C (SI 8 †). As a matter of fact, aer a careful inspection of (N)G2, it was possible to nd some residual metal nanoparticles, as depicted in Fig. 3C . Based on the general lattice spacing between two adjacent planes observed in the HRTEM images, the small nanoparticle seems to correspond to crystalline FeO x (Fig. 3C ). 284.6 AE 0.1 eV. Moreover, no metal signal was detected in any sample, in excellent accordance with the ICP-OES, EDX and TG experiments, highlighting that the presence of the catalytic metals is residual (see SI 9 †). Nitrogen could be incorporated as "lattice N" within the carbon network or "chemical N" in the form of functional groups at the periphery of the graphene plane. The high-resolution N1s spectra peaking at ca. 400 eV shows the presence of nitrogen as a dopant in all the samples, with values in the 0.8-1.9% range, similar to other recently reported N-doped graphene or microporous carbon nanosheets ( Fig. 3E and SI 9 †). 22,37 The deconvoluted peak reveals four different N types, i.e. pyridinic-N, pyrrolic-N, graphitic-N and pyridine-N-oxide groups, the pyridinic-and graphitic-type nitrogen being predominant for all the samples (Fig. 3F) . Interestingly, (N)G2 exhibited the highest amount of pyridinic-N and pyrrolic-N compared to the rest of the samples, usually related to an increase in the capacitive contribution. 38 Moreover, FESEM-EDAX mappings were measured to further conrm the homogeneous distribution of nitrogen (SI 10 †).
Raman spectroscopy was also used to evaluate the graphitic character of the samples. Characteristic G and D bands were observed at around 1585 and 1348 cm À1 , respectively, in good accordance with that expected for N-doped graphene. The I D /I G ratios exhibited similar values (1.0-1.3) for all the samples. Moreover, there is a splitting in the G band at ca. 1613 cm
À1
(D 0 band) in the spectrum of (N)G2 related to the increased disorder in the sp 2 content. Interestingly, the 2D band at ca.
cm
À1 was only present in the (N)G2 and (N)G3 samples suggesting higher crystallinity, in excellent agreement with XPS measurements (Fig. 3D) . 22, 25 This point was further conrmed by X-ray powder diffraction (SI 11 †).
Textural characterization of the samples was performed using N 2 and CO 2 adsorption-desorption isotherms at 77 K and 273 K, respectively (see Fig. 4 , Table 1 and SI 12-13 † for complete porosity metrics).
The N 2 isotherms of (N)G1-(N)G4 exhibit combined characteristics of type II and type IV isotherms. The specic surface area was measured by the Brunauer-Emmett- This hierarchical porosity can play a relevant role in the supercapacitive behaviour (vide infra).
41
To illustrate the application of these materials in the eld of supercapacitors, their electrochemical properties were evaluated in 6 M aqueous KOH using a three-electrode system. According to Pumera and co-workers, the residual metal centers could play an important role, indeed the presence of transition metal traces on graphene could dramatically affect its electrochemical behavior. 42, 43 Along this front, we have also tested the samples under positive potential windows in order to determine whether the presence of metal residues (always below 0.1% as demonstrated by ICP-OES) has an inuence or not (see SI 15 †). Indeed, it is possible to observe the redox peaks arising from the cobalt and nickel traces, superimposed on that of the Ni-foam collector. This indicates that the presence of metal residues could contribute to the pseudocapacitance of the materials, despite the predominant character of the electrical double layer capacitance (EDLC) from the N-doped carbon matrix. The specic capacitance of the samples was analysed by means of galvanostatic charge/discharge measurements using several electrodes prepared from different batches in order to test the reliability of this synthesis route. From these experiments it is clear that the best performance was achieved for the (N)G2 sample under negative potentials, with an overall maximum specic capacitance of ca. 460 F g À1 at 1 A g À1 , a value among the highest compared with those recently reported for related nitrogen-doped graphene-like materials or highly corrugated graphene akes (Fig. 5C and D, SI 14 †). 8, 25, 44, 45 It is worth to remark here the long tail exhibited at low discharge currents by (N)G2 and (N)G3, probably related to a pseudocapacitive effect as previously described for other N-doped carbons. 46 In any case, slight carbon degradation cannot be completely excluded. The (N)G3 and (N)G4 samples showed 160 and 125 F g À1 at 1 A , highlighting the versatility of this route to create highly active materials.
In order to shed light on the excellent electrochemical behavior of these materials we have performed blank experiments showing the negligible contribution by the Ni-foam collector to the pseudocapacitance (see SI 16 †). Moreover, we have studied the sample N(G)2 using a carbon felt collector showing a similar behavior, and exhibiting a maximum capacity of ca. 545 F g À1 (see SI 17 † for additional experimental information).
To further gain insights into the kinetic behavior of the different samples, we carried out electrochemical impedance spectroscopic (EIS) measurements (Fig. 5E) . From the analysis of the Nyquist plots, (N)G2 displays a near vertical line compared to the other samples within the low-frequency region, indicative of a better capacitive behavior (vertical line for an ideal capacitor). The small semicircular shapes in the EIS plots in the high frequency region are related to the charge transfer resistance at the electrode/electrolyte interface (inset in Fig. 5E ). All the samples exhibited similar small diameters suggesting low charge-transfer resistances, mainly attributed to the N-doping. Moreover, we have also evaluated the capacity retention of (N)G2 aer 10,000 charge/discharge cycles, observing capacity retention values higher than 90%, indicative of good stability. Similar capacity retention values were observed for (N)G3-4 (Fig. 5F ). It is worth noting that large measuring periods lead to partial loss of the active material from the Ni-foam. 47 The excellent properties of the (N)G2 material are attributed, on the one hand, to the presence of nitrogen atoms, which enhances the surface wettability by electrolytes and also improves the charge transfer of the electrode materials. 16, 48 On the other hand, the laminar hierarchical porous structure allows easy electrolyte penetration, efficiently exposing the active surface of graphene to the electrolyte. 9, 24 In fact, (N)G2 exhibited the highest specic surface area, micro-and mesopore volumes. It is worth mentioning that the contribution of pores smaller than the size of solvated electrolyte ions (narrow micropores) could play an important role favouring the increase of double-layer capacitance in carbons. 41 Overall, all the studied techniques are in good agreement pointing towards (N)G2 as the best candidate of this family of materials for the development of supercapacitors.
It is well-known that a test xture conguration, like a twoelectrode cell, is more closely related to the performance of commercially available packaged cells. 1, 49 In this sense, we have developed a preliminary test of (N)G2 in symmetric two-electrode supercapacitors. We used directly assembled electrodes, KOH 6 M d Micropore volume calculated from N 2 -adsorption using the DR method.
e Mesopore volume was calculated as the difference of total (V t ) at P/P 0 ¼ 0.96 and N 2 micropore volume (V mDR ). . (E) Nyquist plots of (N)G2-4. The inset shows the expanded high frequency region. (F) Capacity retention of (N)G2 in 10 000 charge-discharge cycles. The inset shows the capacity retention of all samples after 1000 cycles.
as the aqueous electrolyte, and ca. 10 mg of active material in order to obtain reliable measurements.
49,50 Fig. 6a shows the typical rectangular-shaped cyclic voltammograms at different scan rates ranging from 5 to 100 mV s
À1
, and the corresponding galvanostatic discharge curves, showing an appropriate supercapacitive behavior. The maximum specic capacitance was 175 F g À1 at a current density of 0.2 A g
, ca. 38% of that obtained in the three-electrode cell conguration (Fig. 6c) . Fig. 6d shows the Ragone plot of the (N)G2//(N)G2 symmetric supercapacitors in the potential range of 0-1 V. The supercapacitive device could deliver a maximum energy density of 6.1 W h kg
, with a corresponding power density of 50 W kg
. In addition, when the current density increases to 20 A g À1 , the maximum power density is 5000 W kg
. These values compare favorably with other recently reported carbon-based symmetric supercapacitors working in alkaline solutions using the same electrochemical window. [50] [51] [52] [53] [54] It is worth to remark here that additional device optimization efforts to extract the full potential of these materials are currently on going in our labs. This includes: different cell congurations, the use of other electrolytes to improve the cell voltage, or modication of the electrode contact, mass and thickness. Finally, to illustrate the performance of our system, we used two (N)G2//(N)G2 devices connected in series as the power supply for a commercial green light-emitting diode (see SI 18 †).
Conclusions
The fact that the COF-1-M materials incorporate metal ions (Fe III , Co II and Ni II ) into the cavities of their laminar structures favours corrugated graphene formation upon controlled thermal treatment. In this sense, the structure, morphology and disposition of the COF precursor lead to the formation of a hierarchical N-doped porous structure. This strategy avoids the need for the use of any additional template, allowing the formation of corrugated graphene in a one-pot reaction from the COF-1-M precursors. These materials exhibited a promising behaviour as electrode materials in supercapacitors. Concretely, the Fe derivative ((N)G2) shows an overall specic capacity of ca. 460 F g À1 at a current density of 1 A g À1 . This work paves the way for the development of highly corrugated N-doped porous graphene of great interest not only in supercapacitors, but also as Oxygen Reduction Reaction (ORR) electrocatalysts or in Li-ion batteries.
Experimental information a programmable oven with a heating ramp of 2 C min À1 and a N 2 ux of 100 mL min À1 . N-doped graphene is obtained as a black powder with yields in the range of 56-68%.
Physical characterization
Carbon, nitrogen and hydrogen contents were determined by microanalytical procedures by using a LECO CHNS-932. The atomic composition of bulk samples was determined by means of electron probe microanalysis performed in a Philips SEM-XL30 equipped with an EDAX microprobe.
HRTEM studies of the hybrid material were carried out on a JEM-2010 microscope (JEOL, Japan) operating at 200 kV. Samples were prepared by dropping a sonicated suspension of the material in ethanol on a carbon-coated copper grid. The digital analysis of the HRTEM images was done using a Digital Micrograph 1.80.70 for GMS 1.8.0 by Gatan.
FESEM studies were performed on a Hitachi S-4800 microscope operating at an accelerating voltage of 20 kV and without metallization of the samples.
ATR-FT-IR spectra were recorded on a Perkin Elmer Spectrum 100 with a universal ATR accessory with a spectral range of 4000-650 cm À1 .
Total reection X-ray uorescence was performed on a Bruker TXRF S2 PICOFOX spectrometer at 50 kV and 600 mA, with an acquisition time of 500 s and 10 ppm of vanadium as the internal standard.
High resolution solid-state nuclear magnetic resonance (NMR) spectra were recorded at ambient pressure on a Bruker AV 400 WB spectrometer using a triple channel (BL4 X/Y/1H) and Bruker magic angle-spinning (MAS) probe with 4 mm (outside diameter) zirconia rotors. The magic angle was adjusted by maximizing the number and amplitudes of the signals of the rotational echoes observed in the 79 Br MAS FID signal from KBr. Cross-polarization with MAS (CP-MAS) was used to acquire 13 C data at 100.61 MHz. The 1 H ninety degree pulse widths were both 3.1 ms. The CP contact time varied from 3.5 ms. High power two-pulse phase modulation (TPPM) 1 H decoupling was applied during data acquisition. The decoupling frequency corresponded to 80 kHz. The MAS sample spinning rate was 10 kHz. Recycle delays between scans were 4 s, depending upon the compound as determined by observing no apparent loss in the 13 C signal from one scan to the next. The 13 C chemical shis are given relative to tetramethylsilane as zero ppm, calibrated using the methylene carbon signal of adamantane assigned to 29.5 ppm as the secondary reference.
Grazing incidence X-ray diffraction (GIXRD) measurements were carried out using COF-1 and COF-1-Fe deposited on SiO 2 /Si wafer at an XRD1-ELETTRA beamline at Trieste's synchrotron facility (Italy) using a monochromatic beam with a wavelength of 1Å and size of HxV ¼ (200 Â 200) mm 2 . 2D-GIXRD images were collected using a 2D camera (Pilatus detector) placed normal to the incident beam at a distance of 200 mm. Several images were collected by translating the sample 0.5 mm in a direction perpendicular to the beam to probe the sample homogeneity.
Thermogravimetric analysis (TGA) of the composite was carried out with a Mettler Toledo TGA/SDTA 851 apparatus in the C temperature range at a 2 C min À1 scan rate and under a nitrogen ow of 100 mL min À1 .
XRPD patterns of COF-1-Co and COF-1-Ni were collected with a Bruker D8 Advance X-ray diffractometer (Cu-Ka radiation; l ¼ 1.5418Å) equipped with a Lynxeye detector. Samples were mounted on a at sample plate. Patterns were collected in the 3.5 < 2q < 35 range with a step size of 0.016 and exposure time of 0.8 s per step. XRPD patterns of (N)G1-4 were collected with a Siemens d-500 X-ray diffractometer (Cu-Ka radiation; l ¼ 1.5418Å) equipped with a rotating anode D-max Rigaku operating at 80 mA and 45 kV. Samples were mounted on a at sample plate. Proles were collected in the 2.5 < 2q < 70 range with a step size of 0.05 .
Confocal uorescence imaging was performed on an inverted Nikon A1 laser scanning confocal microscope equipped with a CW argon ion laser for excitation at 457, 488 and 514 nm (Melles Griot, 40 mW), and a diode laser for excitation at 405 nm (LDH-D-C-405 of Picoquant GmbH Berlin, Germany) operating both in continuous mode (50 mW The Raman measurements (Jobin-Yvon LabRam HR 800 Raman Microscope) were carried out at room temperature with the 532 nm line of an Ar ion laser as an excitation source.
The porous texture of all the materials prepared was characterized by N 2 adsorption at 77 K and CO 2 at 273 K using an AUTOSORB-6 apparatus. Samples were degassed for 8 hours at À5 bar prior to analysis. Surface areas were estimated according to the BET model, and pore size dimensions were calculated by the solid density functional theory (QSDFT) for the adsorption branch assuming a cylindrical pore model. The micropore volumes were determined by applying t-plot and DR methods to the N 2 and CO 2 adsorption data.
Electrochemical characterization
For the electrochemical measurements a mixture of acetylene black and PVDF in ethanol in a mass ratio of 80 : 10 : 10 was prepared and deposited on a nickel foam electrode. The asprepared nickel foam electrodes were dried overnight at 80 C and pressed. Each working electrode contained about 1 mg of electroactive material and had a geometric surface area of about 1 cm 2 . A typical three-electrode experimental cell equipped with a steel sheet as the counter electrode and a Metrohm Ag/AgCl (3 M KCl) as the reference electrode was used for the electrochemical characterization of the nanocomposite materials trapped by the working electrodes. All the electrochemical measurements were carried out in 6 M KOH (99.99%) aqueous solutions as the electrolyte. Ultrapure water was obtained from Milli-Q equipment. All the electrochemical experiments were performed at room temperature using an AUTOLAB PGSTAT 128N potentiostat-galvanostat controlled by Nova 2.0 electrochemical. The specic capacitance (C) was calculated from the cyclic chronopotentiometric curves according to eqn (1):
where I is the charge/discharge current, Dt is the time for a full charge or discharge, m the weight in grams of the active material in the electrode layer, and DV is the voltage change aer a full charge or discharge. A two-electrode symmetric supercapacitor was assembled using a Swagelok cell, with a pellet consisting of a mixture of (N) G2 and Teon (9 : 1 proportion) as positive and negative electrodes. The average mass of each electrode was about 5 mg of active material. The employed electrolyte was aqueous 6 M KOH, and a cellulose membrane was used for separating the electrodes. The test voltage range was optimized to 0-1 V. All the electrochemical tests were carried out at room temperature using a GAMRY 5000E potentiostat-galvanostat controlled by Gamry Soware. The specic capacitance was calculated according to the following equation:
where C s (F g
À1
) is the specic capacitance, I (A) the discharge current, Dt (s) the discharge time, and DV (V) the voltage window. The energy density, E (W h kg À1 ), and the power density, P (W kg À1 ), were estimated by using the following expressions, normalizing to the mass of two carbon electrodes:
where DV (V) is the voltage used for the measurement and Dt (h) is the corresponding discharge time.
